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Abstract 
In dry cutting an intensified heating of workpiece, tool and machine tool results in thermoelastic deformation which in turn causes dimensional 
and geometrical deviations of the machined parts. This paper presents a multiscale simulation method to calculate and compensate this effect. A 
chip formation model is used to compute the thermomechanical energy conversion and to determine the heat source of the cutting process on a 
mesoscopic model scale. This heat source is transferred on a macroscopic model that simulates the workpiece heating for a complete process 
sequence in order to analyze, reduce and compensate thermoelastic deformations. The multiscale simulation method is validated regarding the 
temperature and the resulting longitudinal workpiece deformation in dry turning of a gear shaft. However, the prediction of thermal 
deformation in radial dimensions needs additional validation with improved experiments and model features in future works. 
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1. Introduction and state of the art 
Dry machining is an important milestone in 
manufacturing technology with geometrically defined 
cutting edge. However, some drawbacks do exist. Without 
cooling lubricant, a higher heat flux to tool and workpiece 
promotes for example thermal expansion and work material 
modification.  
With the objective to offer solutions for such problems 
the priority program 1480 “CutSim - Modelling, simulation 
and compensation of thermal effects for complex machining 
processes” was initiated and funded by the German 
Research Foundation in 2010 [1]. Within this program 
numerous models for different cutting processes are 
developed. Many of these models are dealing with the 
challenge of the determination of the thermal fluxes 
resulting from process heat generation, because these are 
often necessary input or optimization variables.  
The heat source and heat partition were mostly estimated 
by experiments and are sometimes extended by analytical 
and numerical models according to the recent research [2]. 
For example Pabst investigated the heat distribution inside 
the workpiece in dry milling with a calorimetric 
methodology [3]. Abukhshim analyzed the heating partition 
in dry cutting process to identify the thermal field in the 
cutting zone [4]. For knowledge about mechanics of dry 
cutting process, the cutting force was also determined in 
addition to temperature measurement. Besides, Sölter used 
an inverse method to analyze the heat flux into workpiece 
in dry milling based on experiments and simulations [5]. 
Deppermann also used an inverse experimental-numerical 
method to compute the heat flux into the workpiece based 
on thermal imaging in dry turning [6]. The idea of using 
experiments to determine the heat source and heat partition 
is simple. However, a direct, precise measurement is still a 
big challenge. Physical phenomena such as reflections or 
varying emissivity as well as technical limitations impede 
detailed and efficient thermal analyzes of metal cutting 
processes. 
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An opportunity to overcome these issues is the usage of 
multiphysics simulation models. This paper presents a 
numerical multiscale model to calculate the process heat 
generation and the thermoelastic workpiece deformation to 
compensate these deformations in dry cutting operations. 
2. Multiscale model of dry turning 
2.1. Model concept and methodology 
Fig. 1 shows the concept of the multiscale model to 
analyze the cutting process and to compute the 
thermoelastic workpiece deformation by the simulation on 
different spatial and temporal scales. A mesoscopic model 
scale serves to simulate the chip formation by a 
thermomechanical finite element analysis. The goal is to 
determine the steady-state thermomechanical energy 
conversion of the cutting process and to calculate the heat 
flux that is entering the workpiece. Because of the high 
necessary spatial and temporal resolution of the mesoscopic 
model scale and thus long computation time, only a small 
cut-out of the workpiece and short cutting lengths of 10 - 30 
mm are simulated. 
The calculated heat flux is then transferred to a 
macroscopic model scale, also based on the finite element 
method. On this scale, the time increment οݐ௜௡௞  and 
characteristic length of the finite elements ݈௖௛௔௥  are 
increased resulting in a higher degree of model abstraction. 
It is necessary to calculate a full cycle of the turning 
process. The macroscopic model simulates the material 
removal, the heat input of the process, the heat exchange 
with the environment and computes the heating and 
thermoelastic deformation of the whole workpiece. 
 
Fig. 1. Multiscale model concept to simulate dry turning 
2.2. Case study 
In this paper, the application of the model is 
demonstrated by means of a case study which represents 
external turning of a gear shaft. Two different sets of 
cutting parameters were used to define two process 
alternatives. Case 1 is an external longitudinal turning 
process with a cutting speed of vc = 75 m/min, a depth of 
cut of ap = 3 mm and a feed of f = 0.15 mm. Case 2 is an 
external radial turning process using vc = 150 m/min, 
ap = 3 mm and f = 0.15 mm. In both cases a CNMG120408 
coated carbide cutting tool was used to machine the work 
material AISI 1045 in normalized state. Details about the 
part geometry, process kinematics and parameters can be 
found in [7]. 
The first step in the application of the model is to 
compute the heat flux into the workpiece by using the 
mesoscopic model. Fig. 2 briefly shows the concept of this 
3D finite element model and a sample temperature 
distribution for the external turning process. To model the 
chip formation the coupled Eulerian-Lagrangian finite 
element method was employed using the commercial 
software package ABAQUS Explicit. With this model, the 
chip formation is simulated similar to fluid flow models. 
The “fluid” is in this case the work material which is 
continuously entering the Eulerian domain at the top and is 
then flowing against the tool which is fixed in space. 
Subsequently, the metal is separated into chip and 
workpiece and after that the workpiece and formed chip 
leave the Eulerian domain. After simulating the chip 
formation for a few milliseconds with this method a thermal 
steady-state condition is established in chip and workpiece.  
To calculate the heat flux into the workpiece the change 
of internal heat energy inside a control volume was 
evaluated below the cutting edge. This was done for the 
main cutting edge ሶܳ௪ǡ௠  and the corner radius ሶܳ௪ǡ௥  
separately for the two cases, see Fig. 2. To model the visco-
elastoplastic material behavior, a Johnson-Cook material 
model (A = 546 MPa, B = 487 MPa, n = 0.25, m = 0.631, 
C = 0.027, Tm = 1500°C, T0 = 20°C, ε0 = 0.001 s-1) was 
used that was obtained by inverse parameter identification 
[8]. Furthermore, a temperature dependent friction model 
was implemented as described in [7]. Convection and 
radiation were not considered in the mesoscopic model. 
Details about the methodology to calculate the heat flux 
into the workpiece, the CEL method, boundary conditions 
and model parameters are explained in [7] and [9].  
 
Fig. 2. Mesoscopic model scale 
After calculation of the rates of heat flow, a heat source 
can be modelled within the macroscopic scale that was 
realized in the commercial software SFTC DEFORM. The 
transient, Lagrangian implicit 2D macroscopic model 
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includes the whole workpiece and uses the tool path, the 
rates of heat flow at the main cutting edge and corner radius 
to model the heating and resulting thermoelastic 
deformation of the workpiece. In addition, the heat 
exchange mechanisms convection (αk = 22.6 W/(m²K)), 
conduction to the chuck (h = 240 W/(m²K)), and radiation 
(emissivity = 0.3) are considered by the simulation model 
[7]. The removal of material is modelled by element 
deletion. Based on the tool path and geometry, the position 
of the cutting edge is calculated for each revolution of the 
workpiece. The difference of the position after one 
revolution represents the cross section of uncut chip. The 
elements inside this cross section are then deleted by a user 
subroutine. Therefore, after each revolution the workpiece 
geometry changes resulting in several thousand calculation 
steps for a machining cycle. To reduce the computation 
time an adaptive remeshing algorithm provided by the 
software was also employed. The element size ranges 
between 10 µm in the cross section of uncut chip and 5 mm 
inside the workpiece resulting in a total number of 10,000 
to 20,000 elements. This is also the reason for the choice of 
an implicit simulation method for the macroscopic model. 
An explicit time integration would be inefficient regarding 
the computation time for the necessary minimum element 
size in combination with long time periods to simulate. 
 
Fig. 3. Sample result of the workpiece temperature evolution  
computed by macroscopic model for case 1 
Fig. 3 illustrates the evolution of the workpiece 
geometry and temperature field at three different moments. 
Furthermore, the figure shows a comparison of the final 
temperature on the front face between simulation and 
thermal imaging 5 seconds after the process. The agreement 
between simulated and measured temperature is sufficiently 
precise (temperature deviation 5°C) for this case. In 
addition, the temperature evolution at this measurement 
spot was recorded for 30 minutes and plotted in the diagram 
for the simulation and experiment. The temperature plot 
shows also sufficiently precise prediction of the cooling 
down of the workpiece (temperature deviation -3.4°C to 
5.1°C). 
3. Compensation of thermoelastic workpiece 
deformation in dry cutting 
After computation of the transient workpiece 
temperature immediately after roughing, the deformed 
workpiece geometry at this moment is used to compensate 
thermoelastic workpiece deformation.  
Fig. 4 illustrates the calculated longitudinal and radial 
thermoelastic displacement after rough turning.  
 
Fig. 4. Calculated thermoelastic displacement after rough turning 
It can be observed that the displacement is significantly 
different between the cases due to the different cutting 
strategy, total cutting time and different rate of heat flow 
into the workpiece. 
The simulated radial displacement is up to 30 µm for 
these cases resulting in a diameter deviation of 60 µm. In 
longitudinal direction deviations are more than 100 µm due 
to the workpiece geometry and temperature distribution. In 
the most cases these deviations would be unacceptable. 
Due to the expansion before finishing, the final part 
dimensions would be smaller than desired. The deformed 
desired contour is 100x magnified illustrated in Fig. 5. One 
possible strategy to compensate the thermoelastic 
deformations would be the usage of this contour as the new 
finishing contour. In this case, the final part would shrink or 
rather deform to the original desired contour after cooling 
down. 
However, using this strategy several aspects have to be 
considered. First, a finish process of critical part features is 
required and the allowance for these features must be bigger 
than the thermoelastic deformation. Otherwise, the contour 
of the feature would be eventually cut during roughing and 
result in dimensional errors. Second, the user has to decide 
if the additional heat input or a possible modification of the 
temperature field occurs during finishing. In these cases it 
will further increase the precision if the finishing process is 
also included in the simulation of the deformation field. 
However, this approach needs additional algorithms to 
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follow the deformed desired contour during finishing. This 
strategy would be also suitable for processes without 
finishing processes and will be integrated in the future. 
To validate the simulation model, a comparison between 
simulated and measured dimensional deviations was done 
according to Fig. 5. First, a turning roughing cycle was 
made with coolant and additional cooling time before 
finishing. Therefore, no thermoelastic deformations occur 
in this case. In a second step, turning experiments under dry 
conditions were made resulting in thermal expansion and 
geometrical deviations. The measured difference for the 
dimensions οݖǡ ο݈ଵǡ ο݈ଶǡ οܴଵǡ௭ୀଽ଴ǡ οܴଵǡ௭ୀହ  between the dry 
conditions (thermal expansions occur) and the coolant 
conditions (no thermal expansion) was compared to the 
simulated radial and longitudinal displacements. The 
average deviation between experiments and simulations for 
both cases for the longitudinal dimensions is 8.5 µm. The 
comparison shows sufficiently precise agreement. However 
bigger deviations (average 22 µm) were found for the radial 
dimensions. Considering the relationship between 
temperature field and deformation and the ratio between 
longitudinal and radial deformation a systematic error must 
have affected the measured radial deformations. One reason 
for this is the relative thermal displacement of the tool with 
respect to the workpiece axis. For the longitudinal direction 
this effect does not occur, because of a facing process right 
before roughing. The front face of the workpiece was the 
measurement reference for the longitudinal dimensions. 
Thus, in future works an additional model to include 
thermoelastic machine tool and tool deformation should be 
integrated into the model to further increase the precision.  
 
Fig. 5. Comparison of thermoelastic deformation  
in experiment and simulation 
4. Conclusions and Future Work 
This paper presents a multiscale model for the 
computation of thermoelastic workpiece deformations in 
dry turning. Due to the significant heating in dry turning 
these deformations can result in unacceptable dimensional 
and geometrical deviations of the manufactured part.  
Within this paper, the model was utilized to simulate the 
transient temperature field and thermoelastic deformations 
for a case study which represents two different turning 
cycles to manufacture a gear shaft. Two cutting strategies 
and different parameters were used to finally compute the 
deformation of the desired workpiece contour before 
finishing. During finishing this contour can be used as a 
modified tool path. In this case, the workpiece geometry 
will nearly approach the desired workpiece geometry after 
cooling down. For the presented case study, the multiscale 
model shows promising prediction of temperature and 
longitudinal thermoplastic deformation by dry turning. 
However, the precision could be increased, if the machine 
tool and tool deformations are also considered in the model. 
Finally, it would be also necessary to include a broad range 
of work materials and processes to account for complex 
processing cycles in industrial practice. 
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